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Forward osmosis (FO) offers to be a very promising technology for the removal of trace organic com-
pounds (TrOCs) from contaminated wastewater, and with the recent developments in FO membranes,
the effect of both a higher water flux and reverse salt flux on the rejection of TrOCs needs to be explored.
In this study two novel thin-film composite (TFC) membranes with greater water permeability and
selectivity than the benchmark cellulose tri-acetate (CTA) membrane were compared at bench-scale in
terms of TrOCs permeability. By probing the solute-membrane interactions that dictate the transport of
TrOCs through the two membranes in the absence and presence of a draw solution, several conclusions
were drawn. Firstly, steric hindrance is the main TrOCs transport -limiting mechanism through TFC
membranes unless the negative membrane surface charge is significant, in which case, electrostatic
interactions can dominate over steric hindrance. Secondly, the increase in ionic strength induced by the
draw solution in the vicinity of and perhaps inside the membrane seems to favour the rejection of TrOCs
by “shrinking” the membrane pores or by “shielding” the negative surface charge. Lastly, during FO
operation, solute concentration polarisation becomes detrimental when working at high water fluxes,
whereas the reverse solute flux has no direct impact on the transport of TrOCs through the membrane.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
The increasing presence of trace organic contaminants (TrOCs)
in urban and industrial wastewaters poses a current threat to
aquatic species in the environment and our drinking water sources
due to the potential adverse health effects associated with these
compounds even at very low concentrations (pg/L to ng/L)
(Schwarzenbach et al., 2006). Consequently, a comprehensive
removal of these contaminants is of growing importance and a
forthcoming requirement for the discharge of treated wastewater
in natural water bodies (Snyder et al., 2003). To tackle this issue,
oxidation technologies have proven as a suitable option for TrOCs
removal (Bourgin et al., 2017). However, membrane technologiesResearch (ICRA), Emili Grahitmay become a favourable option when salt removal is required as
well and reverse osmosis (RO) and nanofiltration (NF) have already
been implemented as tertiary treatment technologies (Taheran
et al., 2016). Forward osmosis (FO) has been proposed as a novel
promising membrane process. In FO, water is driven across a semi-
permeable membrane by an osmotic pressure gradient; therefore
the main advantage over NF and RO is that it operates at low or no
hydraulic pressure (Cath et al., 2006). Given its low fouling pro-
pensity and high rejection of dissolved contaminants, FO can be
directly applied to complex solutions without extensive pre-
treatment. In addition, when FO is coupled with a draw solute re-
covery process, fresh water can be produced, advancing water
reuse opportunities (Lutchmiah et al., 2014).
Numerous studies focusing on the rejection of TrOCs by FO
membranes have all indicated very high levels of rejection, both in
the bench and pilot scale (Alturki et al., 2013; Coday et al., 2014;
Hancock et al., 2011). Since FO membranes resemble conceptually
and chemically those employed in RO and NF, the mechanisms
Abbreviations
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very similar. These depend mainly on the nature of the organic
compound, the physicochemical properties of the membrane and
the feedwater characteristics and have been reported in the case of
RO to be a combination of steric hindrance, hydrophobic membrane
affinity and electrostatic interactions (Bellona et al., 2004). Jin et al.
(2012) investigated the rejection of TrOCs by two different types of
FO membranes, cellulose triacetate (CTA) and thin-film composite
(TFC) membranes. The transport of TrOCs through the benchmark
CTA membranes was found to be mainly governed by steric effects,
with hydrophobic and electrostatic interactions playing minor
roles. For example, charged TrOCswith a large hydrated radius have
consistently shown lower permeability in CTA membranes than
neutral TrOCs (D'Haese et al., 2013). On the other hand, TFC
membranes have shown better overall rejections due to improved
membrane physicochemical properties such as greater negative
surface charge, more hydrophobic character and smaller hydrated
pore sizes (Xie et al., 2014).
A unique component of the FO process that has not been
extensively researched in relation to TrOCs rejection is the draw
solution; it provides the osmotic pressure to drive water across the
membrane but also leads to an unwanted reverse diffusion of draw
solute into the feed, termed reverse solute flux (RSF) (Achilli et al.,
2010). In most CTA vs. TFC experiments that were carried out at
comparable water fluxes, the effect of RSF was not taken into ac-
count. So far, the few studies aimed at identifying the role of the
draw solution in the rejection of TrOCs have given contradicting
results. The draw solution has been found to simultaneously hinder
and facilitate the permeation of TrOCs both directly and indirectly
by altering the membrane physicochemical characteristics such as
pore size, surface charge and surface tension.
The first extensive investigations on the effect of draw solute on
the permeation of TrOCs were conducted by Xie et al. (2012). They
observed a higher permeation of TrOCs with MgSO4 and glucose as
the draw solute compared to NaCl. Since MgSO4 and glucose have
significantly lower membrane diffusion coefficients than NaCl, the
differences were attributed to a “hindered forward diffusion” of
TrOCs by RSF. This hindering effect was also observed in the
rejection of boron by FOmembranes. Forward boron fluxwas found
to be inversely proportional to RSF by the draw solution (Kim et al.,
2012). In contrast, D'Haese (2017) reported a decrease in thepermeability of TrOCs through CTA when using MgSO4 instead of
NaCl as the draw solute. He argued that if the fluxes were coupled,
large differences would be seen between the permeability of TrOCs
in the presence of RSF and in the absence of RSF, a phenomenon
that was not observed in his study. More recently, Kim et al. (2017)
also reported no direct correlation between the permeability of
TrOCs through CTA membranes and RSF, and deduced that the
difference in permeability obtained using different draw solutes
was due to the different water fluxes generated by the draw
solutions.
Nonetheless, a draw solute-dependent rejection was reported
for some of the predominantly smaller TrOCs (D'Haese, 2017).
Rather than flux coupling, a hypothesis was formed based on the
draw solute partitioning into the membrane and modulating the
average effective membrane pore size. Partitioning of chloride and
sodium ions into the membrane is thought to suppress the pore
hydration layers, increasing the average pore size and consequently
allowing smaller compounds to pass through (Xie et al., 2014).
Sulphate and magnesium ions, on the other hand, have large hy-
drated radii and partition into the membrane to a lower extent,
thus having a lower influence on the average pore size and the
permeability of lowmolecular weight organic compounds. Another
hypothesis that was proposed by D'Haese (2017) was an increase in
the Lewis basic nature of the membranes when draw solutes
partition into it, especially draw solutes containing sulphates. Since
most organic compounds are also Lewis basic, the solute-
membrane affinity reduces due to decreased polar solute-
membrane interactions. These draw solution-induced changes on
the physiochemical nature of TFC membranes have not been
studied yet.
FO membranes are also known to have a negative surface
charge, particularly TFC membranes as they contain a larger pro-
portion of negatively charged functional groups on the surface
(Valladares Linares et al., 2011). Hence, numerous studies have
reported a better rejection of anionic compounds due to an elec-
trostatic repulsion by the membrane and a lower rejection of
cationic compounds due to an opposite attraction force (Blandin
et al., 2016; Jin et al., 2012). However, D'Haese (2017) reported a
consistently higher rejection of cationic TrOCs by CTA membranes.
Other trends that he observedwere a greater permeation of anionic
TrOCs when using a draw solute with a more mobile anion (e.g.
MgCl2), and a greater permeation of cationic TrOCs when using a
draw solute with a more mobile cation (e.g. Na2SO4) (D'Haese,
2017). These results were explained mechanistically by Donnan
dialysis; to maintain electro-neutrality across the membrane, the
rapid migration of draw solute ions to the feed side is balanced by
an equivalent migration of same charged TrOCs to the draw side.
Kong et al. (2014) also reported an ion exchange mechanism during
FO operation with negatively charged organic compounds.
Although Donnan dialysis suitably describes the role of RSF on the
permeability of charged TrOCs through CTAmembranes, the impact
of RSF on novel TFC membranes has yet to be explored.
The main objective of this study was to improve the current
understanding of the influence of draw solute on the transport of
trace organic compounds through TFC FO membranes. Two novel
high water flux TFC membranes were initially characterised to
determine their water and draw solute permeability as well as their
selectivity. Consequently, a series of TrOCs diffusion experiments
were performed with both membranes to determine the perme-
ability of TrOCs at increasing membrane ionic strength. The first
experiments of the series were carried out in the absence of any
draw salt to isolate the underlying solute-membrane interactions.
Then, by adding salt equally in both feed and draw solutions, the
effect of increasing the membrane ionic strength on the solute-
membrane interactions was evaluated. Lastly, in order to see the
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iments with NaCl in the draw solution were performed. In all the
experiments, nine TrOCs, covering a broad range of size, hydro-
phobicity, and electrical charge, were chosen to probe the three
main solute-membrane interactions; steric hindrance, hydrophobic
membrane affinity, and electrostatic interactions.
2. Material and methods
2.1. Chemicals and membranes
Two TFC flat sheet membranes and a CTA membrane were used
in this study. Since the name of the manufacturers cannot be
divulged they are named TFC-1, TFC-2 and CTA herein. Two inor-
ganic salts were used as draw solutes, NaCl and MgCl₂, both ob-
tained from Scharlau (Spain). A mix of 9 TrOCs with a range of
physico-chemical properties were selected to represent different
charge, molecular weight (MW), minimal projected surface area
(MPSA) and hydrophobicity (LogD), as listed in Table S1. These
compound properties were chosen to probe solute-membrane in-
teractions such as steric, electrostatic and hydrophobic affinity. The
TrOCs were obtained from Sigma-Aldrich at 97% purity and above.
HPLC grade acetonitrile was used to prepare stock solutions of each
compound at a concentration of 500mg/L which were stored at
4 C. Employing such organic stock solutions helps to accurately
dissolve TrOCs that are otherwise difficult to dissolve.
2.2. System set-up
All the experiments in this study were performed with a bench-
scale cross-flowmembrane cell unit with symmetric draw and feed
channels (16.4 4.4 0.15 cm) and an effective membrane area of
72 cm2. Both flow channels were fitted with mesh spacers. The cell
unit was connected to a feed and a draw reservoir fromwhich feed
and draw solutions were re-circulated with a peristaltic pump
(Watson Marlow) at a flow rate of 0.3 L/min in order to maintain a
cross-flow velocity (CFV) of 7.6 cm/s. This cross-flow velocity was
chosen to reduce the effect of external concentration polarisation
whilst avoiding pressure drops through the channels. Although the
membrane cells were operated in counter-current mode, the
transmembrane pressure that can be introduced in this mode was
small in comparison with the osmotic pressures used in this study.
A scheme of the FO set-up is given in Fig. S1.
The changing volume of the feed solution was recorded by data
logging the weight of the feed reservoir. Water flux through the
membrane was then determined from the permeated volume of
water using the following equation:
Jw ¼
VF;f  VF;0
Am t
(1)
Where VF;f is the final volume of the feed reservoir, VF;0 is the initial
volume of the feed reservoir, Am is the effective membrane area,
and t is the duration of each stage.
Conductivity meters, connected to a Programmable Logic
Controller (PLC), were placed in both reservoirs to continuously
measure conductivity. Conductivity was converted to concentra-
tion by means of calibration curves. The concentrations of draw
solute in the feed and draw solutions were then used to measure
the reverse salt flux with the following mass balance equation:
JRSF ¼
cF;f

VF;0  Jw Am t
 cF;0VF;0
Am t
(2)
Where cF;f is the final feed solution concentration of salt, cF;0 is theinitial feed solution concentration of salt, VF;0 is the initial volume
of the feed reservoir, Jw is the transmembrane water flux, Am is the
effective membrane area, and t is the duration of each stage.
The experimental setup was equipped with a draw solution re-
concentration systemwhich consisted in a pump (controlled by the
PLC) that re-circulated draw solution through a funnel filled with
solid draw solute and back into the draw reservoir. If the conduc-
tivity of the draw solution decreased below a set-point, the pump
was automatically activated to restore the original concentration.2.3. Membrane characterisation
All the membranes used in this study (TFC-1, TFC-2 and the
conventional CTA membrane) are asymmetric and the configura-
tion used throughout the study was with the active layer facing the
feed solution. The membranes were characterised by the FO-only
method developed by Tiraferri et al. (2013) which enables to
determine the intrinsic parameters of the membranes; water
permeability coefficient (A), salt permeability coefficient (B), and
the structural parameter (S) without any applied pressure. The
method was the following; the draw solution salt concentration
was increased step-wise in a number (ni) of FO stages, each lasting
15min, to obtain a total of ni experimental water fluxes ðJEXPw;i Þ and
ni experimental reverse salt fluxes ðJEXPs;i Þ. The experimentally ob-
tained data was then fitted to the current solution-diffusion model
by minimizing the global error. The global error, E, is defined as the
non-dimensional sum of the offsets in the water and salt fluxes:
E ¼ Ew þ Es ¼
Xn
i¼1
 
JEXPw;i  JCALCw;i
JEXP;nw
!2
þ
Xn
i¼1
 
JEXPs;i  JCALCs;i
JEXP;ns
!2
(3)
Where n is the number of stages, EXP is experimental flux, CALC
is the calculated flux, and JEXP;n is the mean experimental water or
salt flux over the ni FO stages.
The minimization algorithm was implemented using solver
(Microsoft Excel) with the following input parameters; average
draw and feed solution salt concentrations in each stage obtained
from the conductivity of the reservoirs, salt diffusion coefficient of
the bulk draw solution obtained from literature, experimental
water and salt fluxes calculated using equations (1) and (2) and the
initial guesses for the parameters to be determined.2.4. Chemical analysis
An HPLC-UV (Agilent 1200) instrument fittedwith a C18 column
(Microsorb-MV 100e5 250 4.6mm) and working temperature of
30 C was used to determine the concentrations of the TrOCs in the
samples. This instrument required no extensive pre-treatment of
the samples which were injected directly with a volume of 100 mg/
L. In order to obtain a good separation of the compound elution
peaks, the selected TrOCs were divided into three groups based on
their retention time and physico-chemical properties (Table S2).
Each group was analysed with a different isocratic elution method
which consisted in a specific mobile phase mixture and an eluent
flow rate of 1mL/min. Less hydrophobic compounds were analysed
with a higher aqueous to organic (H2O:CH3CN) mobile phase
mixture whereas more hydrophobic compounds with a lower
H2O:CH3CN ratio to ensure no overlapping of elution peaks. The
peaks were quantified by calculating the peak area and the con-
centration of each compound was then obtained from a calibration
curve. The lower limit of quantification for all TrOCs was approxi-
mately 20 mg/L.
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2.5.1. Membrane saturation
Adsorption of the organic compounds onto the membrane is the
greatest limitation of this study. It is considered the first step in the
transport of organic compounds and can lead to an underestima-
tion of the permeability (Kimura et al., 2003). Therefore, deter-
mining TrOCs permeability coefficients once the membrane is
saturated with the target compounds is recommended (Plakas and
Karabelas, 2012). In order to achieve membrane saturation, the
pristine membrane coupons were exposed to the 9 organic com-
pounds for 24 h by spiking the feed and draw solutions with 1mg/L
of the mix of all 9 TrOCs. Then, prior to each individual experiment,
the system was washed for 1 h with DI water to remove any re-
sidual TrOCs from the system tubing and themembrane. Samples of
the feed and draw solutions taken after the washing procedure
repeatedly showed insignificant concentrations of TrOCs, certifying
that washing protocol was effective.2.5.2. TrOCs diffusion experiments in DI water (D-DI water)
The first part of the study consisted in determining the diffusion
of TrOCs through the two novel TFC membranes in the absence of a
draw solute. These experiments, termed D-DI Water, were carried
out to identify the solute-membrane interactions that are involved
in the diffusive transport of the organic solutes.
As described in the chemical analysis section, in order to analyse
the samples efficiently, the selected TrOCs were spiked in the feed
solution in three different groups at a concentration of 1mg/L.
Therefore for each experiment, three 24 h runs were carried out,
eachwith a different group of TrOCs andwith 1 L of DI water in both
feed and draw compartments. A total of three samples were taken
for each run, two from the feed solution (at time 0 and time 24 h)
and one from the draw solution (at time 24 h). The draw solution
was sampled only at the end because initial concentrations of TrOCs
in the draw solution were expected to be insignificant. All samples
were frozen and subsequently analysed byHPLC-UV. The absence of
a water flux and reverse salt flux during these tests was confirmed
by the negligible change in feed solution weight and conductivity.
In this study, instead of evaluating the rejection of the TrOCs by
themembranes, the permeability of TrOCs was used as the value for
comparison as it includes both diffusive and convective transport
(Kim et al., 2007a). In the absence of a water flux, the permeability
describes the diffusive transport of solutes, whilst in the presence
of a water flux the permeability describes both diffusive and
convective transport of solutes. To calculate the membrane
permeability coefficient of the TrOCs (BTrOCs) from the diffusion
experiments, the following pseudo-state derivation of Fick's Law
was applied, as described by Kim et al. (2007a,b).
BTrOCs ¼

VF VD
VF þ VD

1
Am t
ln
 
Cf ;0  Cd;0
Cf ;t  Cd;t
!
(4)
Where VF is the feed solution volume, VD draw solution volume, Am
is the membrane surface area, t is time, Cf ;0 is the initial feed so-
lution concentration of TrOCs, Cd;0 is the initial draw solution
concentration of TrOCs, Cf ;t is the feed solution concentration of
TrOCs at time t and Cd;t is the draw solution concentration of TrOCs
at time t.2.5.3. TrOCs diffusion experiments at increasing ionic strength (D-
0.1M NaCl, D-0.5M NaCl, D-0.5M MgCl2)
The diffusion experiments in DI water were complemented with
diffusion experiments at higher membrane ionic strengths, also in
the absence of water and reverse salt fluxes. These were aimed atdetermining the impact of the draw salt on the solute-membrane
interactions involved in the diffusive transport of TrOCs. Higher
membrane ionic strengths were achieved by increasing the con-
centration of NaCl in both feed and draw solutions initially to 0.1M
and then to 0.5M. Additionally, 0.5M MgCl2 was also tested since
the Mg2þ ion has a double positive charge, a higher ionic strength
and a larger hydrated size, therefore affecting membrane surface
charge and diffusivity to a greater extent. Since the salt concen-
trations were maintained equal on both the feed and the draw
solutions, no osmotic pressure difference developed and the water
flux and reverse solute flux were kept at a minimum. These ex-
periments were performed in a similar way to the D-DI Water ex-
periments. They were all carried out in three runs, each with a
different group of TrOCs in the feed solution and lasting 24 h.The
membrane permeability coefficients (BTrOCs) were determined with
equation (4).2.5.4. FO filtration experiments (FO-0.1M NaCl, FO-0.07M NaCl)
The final set of experiments determined the permeability of
TrOCs through the two TFC membranes during FO operation in the
presence of a forwardwater flux and reverse salt flux. By comparing
the permeability of TrOCs during FO operation to the diffusion
experiments, the effect of both water and reverse salt fluxes on the
transport of TrOCs could be analysed.
In order to maintain a transmembrane water flux of approxi-
mately 10 Lm2 h1 throughout the experiments, the draw solu-
tionwasmade up of 0.1MNaCl and 0.07MNaCl for TFC-1 and TFC-2,
respectively. These concentrations were determined experimen-
tally. In both cases the feed solution consisted of 3 L DI water, spiked
with each of the three groups of TrOCs and re-circulated for 24 h. To
avoid dilution of the draw solution by the permeation of water and
maintain the same osmotic driving force, the automatic re-
concentration system was employed. Water and reverse salt
fluxes during the experiments were determined using equations
(1) and (2), whereas the permeability coefficients (BTrOCs) were
calculated with the following expression, adapted from the
solution-diffusion model (Wijmans and Baker, 1995):
BTrOCs ¼
Jw cp;t
cf ;t  cp;t
(5)
Where Jw is the water flux, cf ;t is the feed solution concentration of
TrOCs at time t and cp;t is the permeate concentration of TrOCs at
time t which can be obtained with the following mass transfer
equation:
cp;t ¼
"
Vd;t cd;t
 Vd;0 cd;0
Jw Am t
#
(6)
Where Vd;t is the volume of draw solution at time t and Vd;0 is the
volume of draw solution at time 0 h.2.6. Determining solute-membrane interactions
In order to identify the solute-membrane interactions that
dictate the different transport of TrOCs through the two mem-
branes, relationships between the permeability coefficients and the
properties of the selected TrOCs, e.g. molecular weight (MW),
minimal projected surface area (MPSA), hydrophobicity (logD) and
electrical charge, were determined by means of the Pearson (r) and
Spearman's rank (r) correlation. Whilst the Pearson coefficient is
used to identify linear correlations, the Spearman's rank identifies
monotonic linear or non-linear relationships. A relationship was
confirmed when the correlations reached values> j0.75j.
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3.1. Membrane characterisation
The two selected membranes (TFC-1 and TFC-2) and the
benchmark CTA membrane were characterised according to
Tiraferri's (2013) FO-only method. Water fluxes and reverse salt
fluxes were determined at increasing draw solution NaCl concen-
trations, and then the intrinsic water permeability, draw solute
permeability and the structural parameter of each membrane were
determined. These were compared to each other and the values
obtained from literature.
According to Table 1 both TFC membranes were found to have
much higherwater (A) and draw solute (B) permeability coefficients
than the CTA membrane. This difference arises from the polymer
structure of the active layer (AL). In CTAmembranes the AL consists
of unlinked polymer chains with a free volume fraction of around
4e5% (Ong et al., 2013), whereas in TFC membranes the AL is not
only thinner but it is also made up of a cross-linked insoluble
polyamide networkwhich has a larger free volume fraction of 7e9%,
and results in a higher diffusivity of solvent and solutes (Li and
Chung, 2013). Only one previous study has reported permeability
and structural parameter values of high-flux TFCmembranes. These
were found to be 2.1 Lm2 h1 bar1 for A, 0.43e0.54 Lm2 h1 for
B and 276e344 mm for S. Compared to these values, the water and
draw solute permeability coefficients of the tested TFC membranes
are greater, whereas the structural parameter is lower. This vari-
ability can either be attributed to the different characterisation
method employed in their study which uses pressurised conditions
or to the novelty of the membrane type.
Using 0.1M NaCl as the draw solution produced exceptionally
high average water fluxes of 9.0 and 16.5 LMH for TFC-1 and TFC-2,
respectively. Although the difference between the water perme-
ability coefficients of TFC-1 and TFC-2 is almost three-fold, the
difference in water flux is only double because TFC-2 suffers fromTable 1
Comparison of the experimentally obtained intrinsic water and draw solute
permeability coefficients, structural parameters, and selectivity values (A/B) of the
tested TFC membranes and the benchmark CTA membrane.
Membrane A (L m2 h1 bar1) B (L m2 h1) S (mm) A/B (bar1)
CTAa 0.51± 0.02 0.30± 0.10 684 ± 48 1.70
TFC-1 2.79± 0.26 0.97± 0.25 185.3± 3.1 2.88
TFC-2 6.76± 0.60 1.84± 0.47 215.1± 5.7 3.67
a Data for CTA membrane obtained from (D'Haese, 2017).
Fig. 1. Permeability coefficients of the selected TrOCs for TFC-1 and TFC-2 during the TrOC
phobicity (logD) and charge at pH 6.0.greater internal concentration polarisation because of its higher
transmembrane flux. The average reverse salt fluxes at a draw so-
lution concentration of 0.1M NaCl were also relatively high for both
membranes, 29 mmol/m2h and 55 mmol/m2h for TFC-1 and TFC-2,
respectively. This water flux/reverse salt flux trade-off is a limiting
factor in the development of thinner and more porous TFC mem-
branes (Wei et al., 2011). As an efficient parameter to evaluate FO
performance, the water/draw salt selectivity (A/B ratio) of both TFC
membranes was calculated. The greater selectivity value of TFC-2
compared to TFC-1 suggests that the former would be favourable
in applications that require a high-water production, whereas the
lower permeability of draw salt through TFC-1 suggests that it has a
lower free volume fraction and therefore acts as a stronger barrier
to solutes.3.2. TrOCs diffusion experiments in DI water (D-DI water)
In this section, the permeability coefficients of the selected
TrOCs through the two TFC membranes were determined from
diffusion tests in the absence of a draw solute. The results, illus-
trated in Fig. 1, do not indicate an overall higher permeability of
TrOCs through any of the two membranes but rather a large
disparity among the different TrOCs. These differences were
explored by calculating the Pearson's and Spearman's rank corre-
lations between the permeability coefficients and the properties of
the organic compounds (Table 2).
The Pearson coefficient for the TFC-1membrane during the D-DI
water test revealed a negative linear correlation between the
dimensional parameters of the TrOCs (MW and MPSA) and their
permeability, suggesting that solute size is a strong determinant in
solute transport through TFC-1. This agrees with previous studies
on earlier TFC membranes which have identified the average hy-
drated pore size as a dominant transport limiting parameter
(Blandin et al., 2016; Xie et al., 2014). On the other hand, there
seemed to be no correlation between the permeability of TrOCs and
their hydrophobicity or charge, indicating that hydrophobic and
electrostatic interactions between compounds and the membrane
were insignificant. Since the membrane was saturated with the
TrOCs prior to the experiments, adsorption of TrOCs to the mem-
brane surface was probably avoided during the diffusion tests.
In contrast, the TFC-2 membrane followed a strong charge-
based trend that overshadowed steric effects, as indicated by the
strong relationship between permeability and charge (r of 0.91 and
r of 0.97). Negatively charged compounds resulted in very low
permeability coefficients (0.3e0.6$108m/s), whereas positivelys diffusion tests in DI Water (D-DI Water) showing the respective compound hydro-
Table 2
Pearson's (PCC) and Spearman's rank (r) correlations between molecular properties and the BTrOCs values obtained for both TFC-1 and TFC-2 membranes.
Experiment MW MPSA LogD Charge
r r r r r r r r
TFC-1 (D-DI water) 0.80 0.53 0.78 0.17 0.01 0.62 0.13 0.52
TFC-1 (D-0.1M NaCl) 0.72 0.20 0.82 0.52 0.10 0.13 0.15 0.27
TFC-1 (D-0.5M NaCl) 0.82 0.65 0.83 0.40 0.19 0.22 0.08 0.27
TFC-1 (D-0.5M MgCl2) 0.37 0.38 0.25 0.38 0.09 0.10 0.44 0.32
TFC-1 (FO-0.1M NaCl) 0.65 0.18 0.70 0.07 0.49 0.55 0.07 0.72
TFC-2 (D-DI water) 0.13 0.48 0.30 0.08 0.74 0.60 0.91 0.97
TFC-2 (D-0.1M NaCl) 0.77 0.48 0.61 0.07 0.21 0.53 0.36 0.78
TFC-2 (D-0.5M NaCl) 0.82 0.92 0.81 0.37 0.09 0.15 0.10 0.63
TFC-2 (D-0.5M MgCl2) 0.78 0.57 0.64 0.15 0.16 0.02 0.01 0.12
TFC-2 (FO-0.07M NaCl) 0.28 0.62 0.17 0.15 0.72 0.63 0.68 0.88
r: Pearson correlation coefficient.
r: Spearman's rank correlation coefficient.
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compounds, permeated to a much greater extent (114e179$108m/
s). Based on the findings on earlier TFC membranes, the strong
electrostatic effects observed for TFC-2 are caused by a greater
negative membrane surface charge which generates an electro-
static repulsion towards anionic compounds and an opposite
electrostatic attraction towards cationic compounds, previously
reported as “charge concentration polarisation” (Verliefde et al.,
2008). Neutral compounds, on the other hand, were not affected
by these electrostatic interactions and their permeability was
mainly governed by steric hindrance and hydrophobic affinity to
the membrane. For example, acetaminophen's small molecular size
and low LogD value resulted in a higher permeability coefficient
compared to other neutral and charged compounds.Fig. 2. Permeability of TrOCs through a) TFC-1 and b) TFC-2 as a function of molecular weigh
negative and neutral compounds are marked with a positive sign, negative sign and a squa3.3. TrOCs diffusion experiments at increasing ionic strength (D-
0.1M NaCl, D- 0.5M NaCl, D-0.5M MgCl2)
After the diffusion experiments without the presence of salts,
the permeability coefficients of TrOCs were determined at
increasing ionic strength (at concentrations of 0.1M NaCl, 0.5M
NaCl and 0.5M MgCl2 in both feed and draw solutions) to investi-
gate solute-membrane interactions under these changed condi-
tions (Table S3). For CTA membranes it has been reported that an
increase in membrane ionic strength encourages the permeation of
smaller TrOCs due to de-swelling of the membrane; a reduction of
the membrane pore hydration layer (Nghiem et al., 2006). How-
ever, the opposite was observed for the TFC-1 membrane at con-
centrations of 0.1M and 0.5M NaCl. The permeability of the
majority of TrOCs reduced (Fig. 2a), and according to the Pearsont for the diffusion tests without salt, at 0.5M NaCl and 0.5MgCl2 ionic strength. Positive,
re, respectively.
M. Sauchelli et al. / Water Research 141 (2018) 65e73 71and Spearman's coefficients, size became a stronger determinant
for their transport (Table 2). It has been previously shown that for
composite membranes used in RO and NF filtration processes,
increasing the membrane ionic strength “shrinks” the membrane
pores resulting in a lower permeability of organic compounds
(Bellona et al., 2004; Braghetta et al., 1997). Hence, this lowering of
the average pore sizes at increased ionic strength could partly
explain the reduced permeability of some of the TrOCs through the
TFC-1 membrane. With a concentration of 0.5M MgCl2, the lower
partitioning of Mg2þ ions into the membrane, due to a larger hy-
drated radius, was expected to have a weaker “shrinking” effect.
Therefore, the TrOCs permeability coefficients when using 0.5M
MgCl2 were expected to lie between those obtained from the D-DI
Water and D-0.5MNaCl experiments. Whereas this was the case for
negatively charged compounds, the permeability of positively
charged TrOCs and sulfamethoxazole did not follow these trends.
As described in the section 3.2, the diffusion of TrOCs through
the TFC-2 membrane was strongly influenced by electrostatic
interactions with the membrane surface. The importance of these
electrostatic interactions on the transport of TrOCs through TFC-2
seemed to diminish at increasing membrane ionic strength. As
shown in Fig. 2b, permeability of negatively charged compounds
increased, whereas the permeability of positive compounds
decreased. It has been found that partitioning of salts into
composite membranes “shields” and thus reduces the effective
membrane surface charge significantly (Nghiem et al., 2006).
Hence, it explains the reduced electrostatic repulsion of nega-
tively charged compounds and reduced electrostatic attraction of
positive compounds when increasing ionic strength. In addition,
the Pearson's coefficients demonstrated a stronger correlation
between solute size and permeability, suggesting that steric
hindrance becomes the more dominant transport limitingFig. 3. Permeability coefficients of TrOCs through a) TFC-1 and b) TFC-2 as a function of mo
ionic strength (D-0.1M NaCl) and the FO tests (FO-0.1M NaCl). Positive, negative and neutramechanism (Table 2). Compared to 0.5M NaCl ionic strength,
using 0.5M MgCl2 led to an even greater permeability of nega-
tively charged TrOCs and a lower permeability of positively
charged TrOCs (except trimethoprim). It is known that the dou-
ble charge of Mg2þ ions “shields” the membrane negative surface
charge to a greater extent (Childress and Elimelech, 1996),
resulting in a further weakening of electrostatic interactions
between the membrane and the charged solutes. Neutral com-
pounds, on the other hand, had similar permeability coefficients
to when 0.5M NaCl was used because the membrane surface
charge does not affect their transport.
3.4. FO filtration experiments (FO-0.1M NaCl, FO-0.07M NaCl)
The final set of experiments consisted in determining the
permeability coefficients of the selected TrOCs in the presence of
a water flux and a reverse salt flux. Using a draw solution of 0.1M
and 0.07M NaCl for TFC-1 and TFC-2, respectively, enabled to
generate a similar water flux across both membranes. The results
from these experiments were then compared to the diffusion
tests D-DI Water and D-0.1M NaCl to draw conclusions on the
effect of both water and reverse salt flux on the permeability of
TrOCs (Table S3).
In comparison to the D-0.1M NaCl experiments, the perme-
ability of most TrOCs through TFC-1 increased during FO operation
(Jw of 8e10LMH and a RSF of 30mmolm2h1), and according to
the correlations in Table 2, the importance of solute size on trans-
port reduced. Despite using high cross-flow velocities (7.6 cm/s) to
avoid external solute concentration polarisation, the indiscriminate
increase in permeability of most compounds observed for TFC-1
could be attributed to this convectional transport induced by the
water flux (Fig. 3a). The presence of solute concentrationlecular weight obtained for the diffusion tests without salt (D-DI Water), at 0.1M NaCl
l compounds are marked with a positive sign, negative sign and a square, respectively.
Fig. 4. Illustrative summary of the solute-membrane interactions for TFC-1 and TFC-2 in the different scenarios tested in the study. a) Diffusion tests with DI water (D-DI Water):
sterics dominated TrOCs transport through TFC-1 whereas electrostatic attraction/repulsion interactions were strongly present in TFC-2. b) At higher membrane ionic strength (D-
0.5M NaCl), a reduction of membrane pore sizes and shielding of membrane surface charges were observed for TFC-1 and TFC-2 respectively. c) In the FO filtration tests (FO-0.1M
NaCl), convective transport of solutes towards the membrane facilitated the permeability of TrOCs whereas reverse salt flux had little impact on their transport.
M. Sauchelli et al. / Water Research 141 (2018) 65e7372polarisation means that the effect of RSF on solute transport could
not be isolated but should be minor in comparison to the differ-
ences observed in solute permeability. Considering that RSF for
TFC-1 at a draw solution concentration of 0.1M was only 29 mmol/
m2h, complementary experiments at higher cross-flow velocities
and higher RSF would clarify the effect of RSF on forward TrOCs
diffusion. Hindered forward transport of solutes by RSF would be
marked by a reduction in permeability of all TrOCs, particularly
neutral compounds. Whereas, Donnan dialysis would be observed
by an increase in permeability of anionic solutes due to a favourable
exchange with chloride anions and an opposite effect for cationic
compounds.
Unlike with the TFC-1 membrane, the permeability of TrOCs
during the FO experiments with TFC-2 (Jw of 11e13 LMH and a
RSF of 50mmolm2h1) were not affected by the convective
transport of the water flux. As can be seen in Fig. 3b, the
permeability coefficients of neutral compounds were similar to
those obtained during the diffusion test with 0.1M NaCl whilst
the permeability of positively charged TrOCs increased and the
permeability of negatively charged TrOCs decreased. It is clear
that electrostatic interactions between the negatively charged
membrane and the charged solutes were predominant again in
the FO experiments, an observation that is further supported by
the Pearson and Spearman's rank correlations (Table 2).
Considering that during the FO experiment the maximum NaCl
concentration that established in the feed side due to RSF was
approximately 0.005M NaCl, the “shielding” effect of the draw
solute on the membrane surface charge was likely to be much
weaker than in the D-0.1M NaCl experiments. This suggests that
RSF could have an impact on the permeability of TrOCs by
“shielding” the TFC-2 membrane surface charge only when a
high concentration of draw solution is employed (for example
>0.5M).
A graphical summary of the transport mechanisms in the
different experiments of sections discussed in section 3.2e3.4 has
been provided in Fig. 4.4. Conclusions
 Compared to CTA membranes both of the novel TFC membranes
tested are superior in terms of water permeability as well as
water-draw solute selectivity. Between the two selected mem-
branes, TFC-2 produces higher water fluxes but is offset by a
higher permeability of solutes.
 Despite the fact that both TFC membranes have a similar
structure and membrane chemistry type, the permeability of
TrOCs for the two membranes differed significantly. Through
TFC-1 the transport of TrOCs was governed by steric factors, in a
similar way to CTA membranes. Partitioning of draw solute into
TFC-1 resulted in smaller membrane pore sizes due to a de-
swelling effect, thus lowering the permeability of both neutral
and charged TrOCs. In the presence of a water flux and RSF,
TrOCs permeated more due to convective transport to the
membrane surface but were unaffected by RSF.
 On the other hand, TFC-2's greater negative surface charge was
reflected as strong electrostatic interactions between TrOCs and
the membrane, which dictated the transport of TrOCs through
TFC-2. A “shielding” effect by draw solute partitioning into the
membrane decreased these electrostatic interactions leading to
steric and hydrophobic transport mechanisms to prevail. In an
FO process, this “shielding” is expected to occur only at high
draw solution concentrations, otherwise the electrostatic in-
teractions between the organic solutes and the membrane sur-
face are largely unaffected by RSF.
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